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1 INTRODUCTION
11 Background Pertinent to Previous and Ongoing Work
1.1.1  General Considerations

Cells respond to extracellular stimuli through the recruitment of signal transduction pathways.
These pathways receive the external signal and act to mount a response appropriate to this signal. Signal
transduction pathways which use members of the extracellular signal-regulated kinases (ERKs) have been
highly conserved in evolution. These pathways consist of a central core of three protein kinases arranged
in a hierarchical manner such that an ERK is activated by Tyr and Thr phosphorylation catalyzed by a
mitogen-activated protein kinase (MAPK)/ERK kinase (MEK), which is, in turn, activated by Ser/Thr
phosphorylation catalyzed by a MAPK kinase-kinase (MAPKKK)(1-3).

While the ERKs and the MEKs can each be considered a single protein kinase family, at least four
protein kinase families have been identified as MAPKKKSs: the Raf kinases, the MEK-kinases (MEKKSs),
the mixed lineage kinases (MLKSs, so named for their primary sequence resemblance to both Ser/Thr and
Tyr kinases) as well as kinases related to the human cot proto oncogene (4-9). Regulation of the
MAPKKKSs remains largely to be elucidated, however two additional regulatory elements have been
identified as upstream activators of mammalian ERK pathways. Protein kinases related to members of
yeast (S. cerevesiae) STE20 and SPS1 have been shown to regulate yeast and mammalian stress-activated
protein kinase pathways (1-3, 10-13). Although their mechanism of action is unclear, genetic epistasis
studies of STE20-like kinases suggest that they are upstream of MAPKKKSs (3).

In addition, all ERK pathways identified to date can be activated by small GTP binding proteins
of the Ras superfamily. Thus Ras itself, by directly interacting with Rafl, can activate the mammalian
mitogenic MAPK pathway (14). Likewise Racl and Cdc42Hs, GTPases of the Rho subgroup of Ras-like
GTPases can activate mammalian stress regulated pathways, possibly through their direct interaction
with and activation of p2l-activated kinases (PAKs), mammalian STE20 homologues (10,11,15). This
interaction requires a distinct Cdc42Hs/Racl interaction binding (CRIB) domain in the amino termini of
the PAKSs, other STE20 homologues and some of the MLKs (16). In addition, most PAKs have several
consensus SH3 binding sites which may serve as docking modules for elements which participate in PAK
signaling (1,2).

1.1.2  Mammalian ERK pathways
Three mammalian ERK pathways have been well characterized to date. These include a pathway

regulated by mitogenic signals which employs the p42 and p44 MAPKs (17). In addition, mammalian
cells employ at least two stress-regulated ERK pathways. We have discovered one such pathway, the
SAPK pathway (18) The SAPKs are the principal kinases responsible for phosphorylation and activation
of the c-Jun and ATF2 transcription factors. The SAPK and the related p38 pathway are the first
mammalian stress regulated pathways to be elucidated, although other pathways are being identified at a
rapid pace (1,2,19). The SAPKs are a large ERK subgroup which is encoded on three genes each of which
is subject to further diversification by three types of mRNA splicing into as many as 24 polypeptides
(18,20). In situ, the SAPKs are activated by environmental, often genotoxic stresses (ionizing radiation,
oxidative and chemical stress, heat shock, ischemic reperfusion injury) and by inflammatory cytokines
(TNF and IL-1) (18). This activation is catalyzed in the cell by up to four chromatographically distinct
MEKS, one of which SAPK/ERK kinase-1 (SEK1) has been cloned (21,22). MEKKSs 1, 2 and 3, mammalian
homologues of S. cerevisiae STE11, can, in turn, phosphorylate and activate SEK1 in vitro and in situ (6,7).
MEKKSs 2 and 3 can also activate the mitogenic pathway through activation of the p42/p44 MAPK
activating MEK, MEK1 (7). In addition, SH3-domain-containing, proline-rich kinase (SPRK), a
mammalian MLK which contains an SH3 domain as well as a CRIB domain (1,8), as well as Tpl-2 (9), the
rat homologue of the product of the proto oncogene cot have been identified as additional kinases capable
of activation of the SAPK pathways via direct SEK1 phosphorylation. The mechanisms of regulation of
MEKKSs, SPRK and Tpl-2 are unknown, however additional kinases (PAKs 1 and 3), as well as the
mammalian SPS1 homologue germinal center kinase (GCK) have been shown to be capable of activating
the SAPK pathway in cotransfection experiments (10-12). Finally, both Racl and Cdc42Hs, which bind to
both the PAKSs and to SPRK, and which activate the PAKSs, have been shown to lie upstream of the SAPKs
(15,16).



The p38 pathway, although activated by essentially the same external stimuli as those activating
the SAPKSs, is regulated by largely distinct biochemical mechanisms (1,2). p38 is most closely related to
the S. cerevisize osmosensing ERK HOGI (1-3). Like the SAPKs, p38 phosphorylates and activates
transcription factors (ATF2, Max, GADD153/CHOP) (1,2,23). In addition, p38 can activate other protein
kinases (MAPK-activated protein kinase [MAPKAP] kinase-2) (1,2). MAPK kinase (MKK)3 and MKK6
are two novel MEKSs which activate p38 specifically, without activation of SAPKs (24,25). SEK1 can also
activate p38 (24); however, cotransfection experiments indicate that MEKK1, a candidate upstream
activator of SEKI, cannot activate p38 (1,2). Whether this phenomenon represents molecular
sequestration, or the existence of distinct SAPK-kinases which are MEKK1 substrates is unclear. To date
only one MAPKKK has been identified for the p38 pathway. TGF-B-activated kinase-1 (TAK1), a novel
member of the MEKK family, can activate MKK6 in vitro, and is activated itself, in situ by TGF-B (26).
Racl and Cdc42Hs, likely through activation of the PAKSs, can, in addition to activation of the SAPKs,
activate the p38 pathway in cotransfection experiments (10,11). GCK, however, is incapable of p38
activation in situ unless massively overexpressed.

1.2 Subject, Purpose of Research

Our interest is to identify and elucidate the biochemistry and cell biology of the SAPK and p38
pathways, signal transduction pathways activated by stress and inflammatory cytokines, and then to
characterize these pathways in breast cancer. Our ongoing experiments indicate that these pathways may
inhibit cell growth and could thereby counteract the transformation process. In addition, these pathways
may actually promote apoptosis (27,28). Once these pathways are understood, therefore, manipulation of
stress signaling at the bedside, through novel therapeutic techniques, could prove efficacious in (1)
limiting tumor growth through activation of stress signaling, or, conversely, (2) limiting the toxicity of
genotoxic cancer chemotherapeutics by selectively inhibiting their activation of stress pathways.

13 Scope of Research (8/95-8/96)
1.3.1  Biochemical Studies

We sought during this year to identify and characterize additional biochemical components
which regulate of the SAPK and p38 pathways. Specifically, the following studies were performed to
these ends.

1) GCK was demonstrated to be a potent in situ activator of the SAPK pathway. This work has
now been published (Pombo, C.M., et al. [1996] Nature 377, 750-754)

2) We generated a series of recombinant GCK constructs wherein the C-terminal regulatory
domain was progressively deleted. The effects of these deletions on SAPK activation and the specificity
of GCK for the SAPKs was determined. These studies indicate that the C-terminal PEST domain (29) is
necessary for optimal SAPK activation in situ, however all of the constructs retain their specificity for the
SAPK pathway, suggesting that this specificity resides with the GCK catalytic domain.

3) We and others (30) have found that GCK binds to the small Ras superfamily GTPase Rab8.
This interaction, however, does not result in SAPK activation, nor does it affect GCK activity. We are
currently testing the possibility that Rab8 may affect GCK subcellular localization.

4) We have found that a novel MLK, receptor interacting protein (RIP), which was cloned based
on its ability to interact with Fas and with proximal elements of TNF signaling (TNF receptor-associated
death domain [TRADD])(31,32) can activate both the SAPK and p38 pathways. Biochemical assays
indicate that RIP can directly activate MKK6, but cannot activate SEK1. We are currently completing
these studies.

5) We have observed that the mammalian STE20 homologue PAK1 can interact with SPRK, an
MLK capable of activating SEK1 (8). This interaction occurs at the PAK C-terminal catalytic domain. We
are mapping the binding sites on SPRK.

1.3.2  Cell Cycle Studies

We have developed a quantitative microinjection system useful for the study of the biological
effects of expression of specific elements in the SAPK and p38 signaling pathways. These studies have
yielded the following results.



1) Microinjection of p38 inhibits NTH3T3 cell cycle progression at the G1/S transition point.
SAPK or GCK microinjection are essentially without effect on cell cycle progression.

2) Injection of SEK1, MKK3 or MKK6 blocks G1/S transition, suggesting a requirement for active
p38. Consistent with this, coinjection of p38 and kinase-dead, dominant inhibitory SEK1 or MKK3
constructs blocks the ability of p38 to arrest cells at G1/S.

3) Injection of Cdc42Hs into cells also blocks G1/S progression by a mechanism which requires
active p38 and which can be partially reversed with kinase dead MKK3 and SEK1. Racl, which can also
activate p38 and the SAPKSs in cotransfection experiments (15), fails to arrest cells in G1.

Having developed this system and proven in simple cell models its overall feasibility, we can
now adapt it for the study of more complicated cell types, including breast cancer cells.

2. BODY
21 Biochemical Studies

These studies were intended to identify and characterize molecular components upstream of the
SAPKs and p38. Our principal focus has been on GCK, a mammalian homologue of S. cerevisine SPS1.
We have also performed studies on RIP, SPRK and PAK1. These experiments are now described.

211  Studies of GCK

1) GCK deletion series. GCK contains an N-terminal Ser/Thr catalytic domain followed by an
extensive C-terminal regulatory domain which is comprised of three PEST sequences and a leucine rich
region near the extreme C-terminus (29). Previous studies from our laboratory indicated that expression
of GCK resulted in activation of the SAPK pathway in the absence of external stimuli, suggesting that
GCK was constitutively active and regulated by limiting concentrations of an inhibitor, or by
oligomerization (12). Our initial studies indicated that this regulation was likely mediated by the GCK C-
terminus (12). Our results also indicated that expression of GCK did not activate the p38 or MAPK
pathways (12). To characterize the molecular bases for these properties, we constructed a GCK deletion
series in order to map GCK regulation and pathway specificity. Fig. 1 illustrates schematically these
constructs.
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Fig. 1. Schematic of GCK deletion series. Constructs were generated by PCR and cloned into the

mammalian expression vector pPCMV5-M2-FLAG. Accordingly, constructs were expressed with an M2-
FLAG epitope for monitoring expression levels.

We transfected transiently very small amounts (0.3 pg per 10 cm dish) of the GCK deletion series
into 293 cells along with HA-tagged SAPK and GST-tagged p38. Activation of SAPK was measured using
HA immunoprecipitates with GST-c-Jun as a substrate while p38 was measured using ATF2 as a

substrate after recovery on glutathione agarose. GCK activity was assessed using MBP as a substrate.
Fig. 2 shows the results of these studies.




control
full length
CT

L

P3

P2

P1

p38 control
full length
CT

L

P3

P2

P1

| SAPK
assays

p38
assays

T T T T v ] T 1 ' 1
0 5 10 15 20 25 30
fold activation

Fig. 2. Cotransfection of GCK deletion series with SAPK and p38: effects on SAPK and p38 activity. 293
cells were transfected with a small amount of FLAG-GCK constructs (0.3 pg) along with HA-SAPK (1 ug)
or GST-p38 (1 ug). Expression of the GCK constructs was equal in all transfections as judged by western
blotting. Activity of the GCK constructs was also measured and was essentially equal for all
transfections. SAPK and p38 activities are shown.

It is clear that while all of the deletion constructs can substantially activate the SAPK pathway,
deletion of the C-terminal PEST domain abrogates significantly SAPK activation. This suggests that the
C-terminal PEST motif contains elements necessary for optimal activation of the SAPK pathway. By
contrast, all of the deletion constructs retain their specificity for the SAPK pathway, and do not activate
the p38 pathway. If much larger amounts of GCK are transfected (5 ug), some modest p38 activation is
seen for each of the deletion constructs. However, even upon expression of large amounts of GCK, no
activation of the mitogenic ERKSs is observed for any of the GCK deletions. We conclude that specificity
of the GCK for the SAPK pathway resides principally in the GCK catalytic domain.

2) The small GTP binding protein Rab8 interacts with GCK. A recent report in the literature (30)
described a yeast two hybrid screen, using Rab8 as bait, which identified GCK as a potential Rab8
interactor. Rab8 is a member of the ARF subgroup of the Ras superfamily. Up until now, Rab8 had not
been implicated in regulation of protein kinase signaling. Instead, Rab8 is involved in the regulation of
membrane vesicle trafficking between the trans Golgi and the plasma membrane (33,34). Our two hybrid
screens using GCK as bait did not reveal Rab8 as a binding protein for GCK. Accordingly, we sought to
explore this phenomenon biochemically. We cloned wild type Rab8 by PCR, and Johan Perainen of the
University of Helsinki was kind enough to provide mutant Rab8 constructs--22N, a GTPase-deficient,




constitutively active Rab8 and 67L, a dominant inhibitory mutant (33,34). Using HA-tagged, wild type
Rab8 and FLAG-tagged GCK constructs in cotransfection experiments, we sought to determine if Rab8
could indeed interact with GCK in situ, and could be recovered in GCK immunoprecipitates. From Fig. 3,
it is clear that Rab8 can bind GCK and that this interaction requires the extreme C-terminal 126 amino
acids of GCK, inasmuch as only wild type GCK could bind Rab8.

L CT WT

empty P1 P2

210 210 210 210 210 210 2 10

Fig. 3. Co-immunoprecipitation of Rab8 and GCK deletion constructs. 293 cells were cotransfected with
HA-tagged wild-type Rab8 (g Rab8 plasmid transfected are listed below each lane) and 5 ug of the M2-
FLAG-tagged GCK deletion constructs indicated above each lane (Empty denotes empty pCMV5-FLAG
vector. See Fig. 1 for definition of deletion constructs). GCK Rab8 complexes were recovered by
immunoprecipitation with anti M2-FLAG and immunoblotted with anti HA antibody to detect bound
Rab8.

Insofar as only wild type Rab8 could bind GCK, while all of the deletion constructs could activate
SAPK substantially (See Fig. 2), we surmised that Rab$ likely did not regulate the ability of GCK to
activate the SAPKs. To confirm this, we tested whether or not (1) a constitutively active, GTPase-deficient
Rab8 mutant (22L) could activate SAPK in a manner analogous to that engendered by constitutively
active (V12) Cdc42Hs; and (2) if a dominant inhibitory Rab8 mutant deficient in GDP/GTP exchange
(67L) could abrogate GCK activation of SAPK. From Fig. 4, it is clear that these Rab8 mutants had no
effect on SAPK activation. We conclude that the interaction of GCK and Rab8 serves a purpose distinct
from activation/regulation of the SAPK pathway. Given that Rab8 has been clearly shown to influence
vesicular trafficking (33,34), it is possible that Rab8 serves to bring the GCK — SAPK machinery to
specific substrates in Rab8 target vesicles. We are currently analyzing this possibility.




Effect of Rab8 on SAPK activation
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Fig. 4. Effect of Rab8 on SAPK activation and GCK regulation of SAPKs. 293 cells were cotransfected
with HA-SAPK (1 pg), HA-tagged Rab8 constructs (10 ug), wild type M2-FLAG GCK (0.3 pg), M2-FLAG
V12Cdc42Hs and M2-FLAG-PAKI1 (10 pg each) as indicated. SAPK was immunoprecipitated with anti
HA antibody and assayed for phosphorylation of GST-c-Jun. Differences in SAPK activity in the GCK
cotransfected assays reflect minor differences in GCK expression as judged by immunoblot.

2.1.2  RIP activates the SAPK and p38 pathways: Direct regulation of MKK6 but not SEK1
1) Activation of the SAPK and p38 pathways by RIP. RIP is a novel protein kinase similar in its catalytic
domain to the MLKs (1,31). It was originally cloned based on its ability to interact with Fas, a
transmembrane receptor of the TNF family (31,35). Both Fas and the RIP C-terminal region contain a so-
called death domain. This is a stretch of amino acids which is required for the recruitment and activation
of apoptotic machinery (35). Not surprisingly, Fas recruitment of RIP or RIP overexpression can cause
apoptosis (31). RIP can also interact indirectly with the TNF receptor machinery. The 55-kDa TNF
receptor binds a 30-kDa polypeptide, TNF receptor-associated death domain (TRADD) in a TNE-
dependent manner (36). TRADD can also recruit other adapter molecules to the TNFR (37,38). Recent
studies have demonstrated that TRADD also binds RIP (32). Accordingly, TNF-dependent recruitment of
TRADD to the TNF receptor can bring TRADD-RIP to the membrane. This may serve to regulate RIP.
Inasmuch as TNF, possibly acting through RIP, is a potent activator of both the SAPKs and p38
(1,2,18), we sought to determine if RIP overexpression could activate the SAPK and p38 pathways. We
obtained Myc-tagged RIP from Brian Seed and employed this construct in cotransfection experiments
which clearly demonstrate that RIP overexpression activates both the SAPK and p38 pathways (Fig. 5).
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Fig. 5. Activation of SAPK and p38 upon coexpression with RIP or kinase-dead (K45R) RIP. 293 cells
were cotransfected with HA-tagged SAPK, GST-tagged p38 and either wild type (WT) RIP or a kinase-
dead RIP mutant (K45R) wherein the lysine critical for ATP binding was mutated to arginine. SAPK and
p38 were recovered from cell extracts by anti HA immunoprecipitation or glutathione agarose
chromatography, respectively, and assayed for c-Jun kinase (SAPK) or ATF2 kinase (p38). Blank
cotransfections employed the empty cognate vector carrying the RIP plasmids.

It is noteworthy that the kinase-dead (K45R) RIP is apparently equipotent, if not more potent at
SAPK and p38 activation than is wild type RIP. This is consistent with reports indicating that the kinase-
dead RIP could also stimulate apoptosis (31). The degree of activation by the K45R construct is deceptive,
however, as this construct is expressed much more highly than the wild type (See Fig. 6). Still, these
results imply that RIP must not only be able to activate the SAPKs and p38 directly, but it must also be
able to recruit parallel SAPK and p38 activation machinery.

2) RIP is a direct activator of MKK6. We have shown that SPRK, an MLK, can directly activate the
SAPK activating MEK, SEK1 (1,8). Inasmuch as RIP bears some similarity to the MLKs (1,31), we sought
to determine if RIP were able to activate directly MEKs upstream of the SAPKs and p38. To do this, wild
type and kinase-dead RIP were immunoprecipitated from transfected cells and assayed in vitro for
activation of MKK6 or SEK1 using a robotic assay wherein the activated MEK is then assayed for
activation of the cognate ERK (4). From Fig. 6, it is clear that whereas RIP can directly activate MKKS, it
cannot activate SEK1 under conditions in which a bacterially expressed MEKK1 can.
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Fig. 6. Direct activation of MKK6, but not SEK1 by RIP. Myc-tagged RIP or K45R kinase-dead RIP were
transfected into 293 cells and the expressed protein immunoprecipitated with the anti Myc antibody. The
immunoprecipitates were assayed for activation of GST-tagged MKK6 or SEK1. As a positive control,
MEKKT1 expressed and purified from bacteria was used to activate SEK1. Expression of the two RIP
constructs is shown in the boxed insert. Control assays eliminating MKK6/SEK and/or p38/SAPK from
the assays including RIP yielded no detectable activity (not shown).

As was observed for the in situ activation of SAPK and p38 (Fig. 5), the KR-RIP can activate
MKKS6. However, as can be seen in Fig. 6, equal MKK6 activation is seen under conditions wherein there
is at least 10 fold more KR-RIP expressed than WT-RIP. We conclude from this that either the catalytic
activity of RIP directly activates MKK6, while the noncatalytic domain associates with additional MKK6
activating kinases, or RIP catalytic activity is necessary for association of MKK6 kinases. As for the lack
of apparent SEK1 activation, at least four chromatographically distinct SAPK-activating MEKs have been
detected in 3Y1 cells (22). It is therefore likely that RIP activates SAPKs through a MEK distinct from
SEK1.

2.1.3  Detection of an interaction between PAK1 and SPRK and homodimerization of PAK1

SPRK is an SH3 domain- and CRIB domain-containing MLK which can directly phosphorylate
and activate SEK1 (1,8,16). PAK1 is a mammalian STE20 homologue which activates SAPK or p38 upon
coexpression and is itself activated upon binding Cdc42Hs or Racl, both of which have been implicated
as upstream activators of the SAPKs and p38 (1,2,10,11,15,39). Genetic epistasis studies suggest that
STE20s and kinases like them are upstream of MAPKKKSs (3). Moreover, PAK1 has several consensus
SH3 binding sites in its amino terminal regulatory domain (1,2). Accordingly, we sought to determine if
these could bind SPRK. In cells coexpressing M2-FLAG SPRK and GST-PAK, we were able to detect GST-
PAK in SPRK immunoprecipitates, indicating an interaction between these two regulators of stress
signaling (Fig. 7, lanel). To our surprise, however, the PAK N-terminus (AAs 1-232, containing the
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consensus SH3 binding sites) did not bind SPRK, and the PAK-SPRK interaction required the PAK C-

terminal 322 amino acids (Fig. 7, lanes 2 and 3).

: ) Transfections:

+ 4+ 4+ - = = FLAGSPRK

: + « 4 = = GST-PAK(FL)

: - = 4+ 4+ -+ FLAGPAK(FL
+ - 4 - GST-PAK(CT)

kDa
205
116
97

67

GST-PAK-(NT)

ST-PAK (FL)

ST-PAK (CT)

43

31

ST-PAK-NT)

12 3 4 5 6

Fig. 7. Detection of an interaction between PAK1 and SPRK. 293 cells were cotransfected with GST full
length, amino terminus (NT, amino acids 1-232), carboxyterminus (CT, amino acids 232-544), M2-FLAG-
tagged full length PAK1 or SPRK as indicated. M2-FLAG-tagged proteins were recovered by
immunoprecipitation and bound GST-tagged polypeptides detected by immunoblotting with anti-GST
antibody.

In addition to detecting a heterologous interaction between SPRK and PAK, we were also able to
detect PAK homodimers. (Fig. 7, lanes 3-6). In this case, PAK1 could interact with either the N-terminus
or the C terminal domain (missing the SH3 binding sites and the CRIB domain). The significance of the
PAK-SPRK and PAK-PAK interactions is unclear. Recently, the Raf-1 MAPKKK was shown to be
activated in part upon homo-oligomerization (40). Perhaps a similar mechanism is involved in PAK
regulation. Once activated PAKs may activate SPRK. Alternatively, inasmuch as SPRK, like PAK
contains a CRIB domain, but cannot, as PAK can, activate p38, it is possible that the PAK-SPRK
interaction allows for Rho family GTPases to regulate common and distinct pathways downstream of
PAK and SPRK.

22 Regulation of Cell Cycle Progression by the Cdc42Hs — p38 pathway

In addition to characterizing the biochemistry of stress signaling, we sought to understand the
biological functions of the various signaling components which we had identified. To this end we wished
to develop a quantifiable bioassay system which could accurately reflect the biology of SAPK and p38
signaling elements. Microinjection proved the most ideal for this sort of study. High levels and
efficiencies of expression were possible and the expressing cells could easily be counted for particular
biological functions. Our initial studies employed a simple system, the cell division cycle of the NIH3T3
cell, which can easily be arrested in G by serum withdrawal. Cell cycle progression in these cells is also
easily assayed using a variety of techniques. Our results, however, were quite unexpected, and point to
the complexity of function of the SAPK and p38 pathways.

221 Microinjection of p38, but Not SAPK inhibits NIH3T3 cell cycle progression at G1/S
Previous studies have indicated that the Ras-regulated MAPK cascade is required for cell growth

(17). Moreover, many of the stimuli which activate the SAPK and p38 pathways (e.g., UV and yradiation,
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chemical DNA damage) arrest the cell cycle at G1 in order to allow for DNA and cellular repair (1,2).
Such cell cycle checkpoints are essential to cellular survival and to the prevention of cellular
transformation in response to genotoxic agents. Accordingly, we wished to test directly if either the
SAPK or p38 pathways could affect cell cycle progression. NIH3T3 cells were serum starved in order to
arrest and synchronize the cell cycle at Gg. Cells were then plated onto coverslips in 10% serum in order
to re-initiate synchronously the cell cycle and were then microinjected with expression plasmids encoding
various signaling proteins. Cells expressing recombinant proteins (stained for FLAG or HA tags) were
scored for G1/S transition by staining for BrDU incorporation. :

We microinjected plasmids encoding p38, SAPK (p46-B1), p44 MAPK and p70 S6 kinase and
observed that p38 expressed from microinjected plasmid markedly arrested cell cycle progression at
G1/S (Fig. 8).

Injected cDNAs

p70 S6 kinase

MAPK

SAPK

p38

empty vector

I 1
0 25 50 75 100

% in S phase

Fig. 8. Expression of microinjected p38 inhibits G1/S transition in NTH3T3 cells. Cells were synchronized
and microinjected as described above. S phase entry was measured as described above.

Surprisingly, SAPK, which is activated by the same antimitogenic stimuli as p38 (1,2,18) did not
significantly arrest cells in G1. Staining of microinjected cells for active p38 with an antibody against the
phosphorylated, active form of p38 (1,2) revealed that microinjection increased the level of active p38 in
the cells. Similarly, cells injected with SAPK, in spite of showing no growth inhibition, contained elevated
levels of active SAPK as assessed by staining with an antibody specific for c-Jun phosphorylated by SAPK
(1,2). To confirm further that SAPK did not arrest cells in G1, we microinjected cells with GCK, a specific
SAPK activator (Fig. 2 and ref. 12). As can be seen in Fig. 9, GCK does arrest cells in G1. However, this
arrest is likely due to the promiscuous activation of p38 which can occur upon massive GCK
overexpression. In support of this, coinjection of GCK with a kinase-dead, dominant inhibitory MKK3
construct completely blocks GCK inhibition of G1/S transition, even if SAPK is coinjected.
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Injected DNAs

GCkinase + MKK3-KR + SAPK-'S'

GCkinase + MKK3-KR -

GCkinase -

empty vector -

T T T T T T T 1
0 i0 20 30 40 50 60 70 80

% in S phase

Fig. 9. SAPK is likely not able to arrest cells in G1. Inhibition of G1/S transition by GCK is due to

nonspecific activation of p38. Microinjection experiments were performed as described. GCK was FLAG-
tagged, SAPK and MKK3-KR were HA tagged.

222  MEKs upstream of p38 inhibit G1/S progression

To confirm that activation of p38 was a necessary step in G1/S arrest observed upon p38
microinjection, we tested three of the MEKs known to lie upstream of p38: SEK1, MKK3 and MKKé
(21,24,25). All three of these MEKs were able to potently arrest cells at the G restriction point. Insofar as

kinase-dead mutants of MKK3 or SEK were unable to arrest the cell cycle, it is clear that active MEKs and,
therefore active p38 are necessary for G1 arrest (Fig. 10).

Injected cDNAs

MKK6 -f::

SEK1-KR -

SEK1

MKK3-KR -

MKK3

empty vector

I
0 20 40 60 80

% in S phase

Fig. 10. MEKSs upstream of p38 arrest cells in G1. inactive MEKs do not arrest the cell cycle. Cells were
injected with the constructs indicated (all HA-tagged, except MKK6 which was FLAG tagged. G arrest
was assessed as described above.
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Further confirmation of the requirement for active p38 in cell cycle arrest came from the use of
kinase-dead MEKSs as inhibitors of activation of coinjected p38 (24,25). In the experiment shown in Fig.
11, cells were microinjected with either p38 alone or p38 plus KR-MKK3 or SEK1. The kinase-dead MEKs
were able to inhibit p38-mediated G1 arrest completely.

Injected DNAs

p38 + SEK-KR

p38 + MKK3-KR

p38 + pMT3

empty vector-één

1
0 20 40 60 80
% in S phase

Fig. 11. Kinase-dead, dominant inhibitory mutants of MKK3 or SEK1 can inhibit p38-mediated G1 arrest.
All injected constructs were HA-tagged. pMT3 is the empty parent vector used in this experiment.

Staining with an antibody to p38 indicated that p38 was still overexpressed in the KR-MKK3 and KR-
SEK-injected cells.

22.3  The Rho family GTPase Cdc42Hs inhibits G 1/S transition in part by activation of p38

Both p38 and the SAPKSs can be activated in situ by Cdc42Hs and Racl, two members of the Rho
subgroup of the Ras superfamily (10,11,15). To test if either of these small GTPases could arrest the cell
cycle, we microinjected expression plasmids encoding Cdc42Hs, Rac and, as a negative control, RhoA. As
can be seen in Fig. 12, wild type Cdc42Hs strikingly inhibits cell cycle progression to S phase. By contrast,
neither wild type nor a constitutively active allele of Racl (V12) markedly inhibits G1/S transition.
Similarly, V12-RhoA, which does not activate SAPK or p38, does not block S phase entry. Moreover, the
inhibition of cell cycle progression mediated by Cdc42Hs likely requires active p38 inasmuch as kinase-
dead, dominant inhibitory MKK3 and SEK1 coinjected with Cdc42Hs block the ability of Cdc42Hs to
arrest the cell cycle at G1.
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injected cDNA

wtCdc42Hs/MKK3-KR+SEK1-KR +:::
wtCdc42Hs =

empty vector

vi2Rho :::

vi2RAC1 +:

wtRAC1 ¢

empty vector —::

: 7
0 25 50 75 100

% in S phase

Fig. 12. Inhibition of G progression mediated by Cdc42Hs by a p38-dependent mechanism. All
constructs injected were M2-FLAG-tagged except the KR-MEKs which were HA-tagged. Empty vector
for the upper bar was a combination of the FLAG and HA vectors (pCMV5 and pMT3). For the lower
bar, the empty plasmid injected was pCMV5. Activity of the Rac construct was confirmed by staining for
membrane ruffling, a classical cellular response to Racl activation (1,2). RhoA activity was monitored by
staining for actin stress fibers in the injected cells (1,2).

3. CONCLUSIONS
Our studies have been divided into biochemical characterizations of the mechanisms of SAPK
and p38 regulation, and cell biological characterizations of the effects of these pathways on cell growth.

31 Biochemical Studies

Fig. 13 is a model which summarizes our conclusions concerning the biochemistry of SAPK and p38
regulation.
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Fig. 13. Model of the biochemical steps in stress signal transduction. Highlighted in gray are the specific
areas addressed in the funding period of this report.

Several things become clear from this model. First, we have identified a great many upstream
activators for the SAPKs and p38 many of which have not been tied to extracellular signals. For example,
what ligands activate MEKKs?, SPRK?, GCK?, PAK1?, Cdc42Hs? Second, the molecular connections
between STE20 and SPS1 homologues and their downstream targets remain obscure. Although we can
detect a molecular interaction between SPRK and PAKI, the physiologic significance of this interaction
remains to be determined. With the exception of RIP, the upstream regulation of the MAPKKKs
upstream of the SAPKs and p38 is also unknown. Finally, which of these diverse signals is expressed in
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breast cancer cells and what is the biology of these proteins in breast cancer. Our efforts at cloning,
expression and assay of these SAPK and p38 regulators has now begun to yield results. We have initially
used model cell systems for our biochemical studies in deference to the ease of analysis using these cells.
With the information now generated, we will begin to pursue biochemical studies in breast cancer cells.

32 Cell Biological Studies
Fig. 14 is a model which summarizes our results from the microinjection experiments.

stress signals  mitogens

\

? Ras

\

Cdc42Hs Rac1

/ \?\ /?/\

other pathways MKK3, 6, SEK1 other pathways

p38
substrates
~ N ?
N\
N\
4

~
G1 arrest

Fig. 14. Model of the effects of stress signaling on cell cycle.

growth
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We propose that activation of Cdc42Hs is antimitogenic, whereas activation of Racl is not and
may, as has been indicated in the literature (1,2), be mitogenic. Both pathways, however, activate the
SAPKs and p38. Activation of p38 appears to be obligatory for cell cycle arrest in response to activation
of Cdc42Hs. However, it is likely that Cdc42Hs and Rac exert their effects on multiple pathways and the
opposing effects of Cdc42 and Racl activation may involve these other pathways and may also require
p38. What this means is that therapies which address p38 activation, including drugs which arise from
the novel pyridinyl imidazole p38 inhibitors (41), may not necessarily prevent or promote breast cancer
cell growth and care must be taken to assess carefully the roles of these stress pathways in cell growth. In
addition, we do not know what the effects on the cell cycle are of activation of multiple Ras family
signaling pathways. Indeed, Cdc42Hs may exhibit different properties when activated in conjunction
with parallel pathways. Most importantly, the techniques and results summarized in Fig. 14 make
possible the study of the role of these pathways in the growth of transformed breast cancer cells. Finally,
the results in Figs. 13 and 14 are not mutually exclusive. As new molecular players in SAPK and p38
regulation are identified, they can be subjected to the biological studies already developed for the p38
NIH3T3 microinjection studies.
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